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IceCube monitors one cubic kilometer of deep Antarctic ice with a lattice of 5160 optical
sensors in search of neutrino signals from supernovae. Charge secondaries arising from neutrino
interactions in the ice produce Cherenkov photons that are registered by photomultipliers in the
sensors. Due to subfreezing ice temperatures, their dark rates are particularly low. Therefore a
collective rate enhancement introduced by interacting neutrinos in all photomultipliers provides
excellent sensitivity for core collapse supernovae of galactic origin. A detailed understanding
of the characteristics and temporal changes of the dark rate background has been achieved and
cosmic ray induced muons, responsible for the majority of fake supernova candidate triggers, are
rejected in real time. An addition to the standard data acquisition allows IceCube to buffer all
registered photons in the detector in case of a serious alert. By analyzing such data, a precision
determination of the burst onset time and the characteristics of rapidly varying fluxes, as well as
estimates of the average neutrino energies and - for supernovae ending in a black hole - of the
burst direction may be obtained. Such data are also crucial to characterize details of the noise
behavior and of the atmospheric muon background.
Corresponding authors: V. Baum⇤1, B. Eberhardt1, A. Fritz1, D. Heereman2, B. Riedel3
1 Institute of Physics, University of Mainz
2 Interuniversity Institute for High Energies, Université Libre de Bruxelles, Belgium
3 Department of Physics, University of Alberta, Canada
The 34th International Cosmic Ray Conference,
30 July- 6 August, 2015
The Hague, The Netherlands
⇤Speaker.
c  Copyright owned by the author(s) under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike Licence. http://pos.sissa.it/
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1. Introduction
IceCube, a grid of 5160 photo sensors imbedded in the ice of the Antarctic glacier, is uniquely
suited to monitor our Galaxy for supernovae due to its 1 km3 size and its location. In the in-
ert and  43  C to  20  C cold ice, IceCube’s photomultiplier noise rates average around 540
Hz. At depths between 1450 – 2450 m, the detector is partly shielded from cosmic ray induced
muons. The inverse beta process n̄e + p ! e+ + n dominates supernova neutrino interactions with
O(10MeV) energy in ice, leading to positron tracks of about 0.6cm ·En/MeV length which radiate
178 ·Ee+/MeV Cherenkov photons in the 300 – 600 nm wavelength range. From the approximate
E2n dependence of the cross section and the linear energy dependence of the track length, the light
yield per neutrino roughly scales with E3n . With absorption lengths exceeding 100 m, photons travel
long distances in the ice so that each DOM effectively monitors several hundred cubic meters of ice.
Typically, only a single photon from each interaction reaches one of the photomultipliers that are
vertically (horizontally) separated by roughly 17 m (125 m). The DeepCore subdetector, equipped
with a denser array of high efficiency photomultipliers, provides higher detection and coincidence
probabilities.
Although the rate increase in individual light sensors is not statistically significant, the effect
will be clearly seen once the rise is considered collectively over many sensors. IceCube is the most
precise detector for analyzing the neutrino light curve of close supernovae [1]. Since 2009, IceCube
has been sending real-time data grams to the Supernova Early Warning System (SNEWS) [2] when
detecting supernova candidate events. The supernova data acquisition is based on count rates of
individual optical modules stored in 1.6384 ms time bins. The analysis framework calculates the
average dark noise rate deviation Dµ normalized to its own width sDµ and calculates for each
candidate the significance x = Dµ/sDµ . In addition, all time-stamped hits in the detector are
buffered and extracted for supernova candidate triggers (hitspooling) [3].
In this paper, we first characterize the effect of the atmospheric muon background and intro-
duce a subtraction method for the associated hits. We then discuss in detail the properties of the
photomultiplier dark noise on top of which the supernova neutrino signal would be observed and
we will finally quantify the directional resolution that can be obtained for a class of supernovae that
abruptly form a black hole.
2. Improved significance calculation by correcting for atmospheric muon hits
Atmospheric muons require an energy of ⇡ 400 GeV at the surface to reach the detector (see
Fig. 1, left) and ⇡ 550 GeV to trigger the IceCube 8-fold majority trigger; hits from muon tracks
that fail the trigger requirements are mostly found in the upper detector layers or are corner clippers
(see Fig. 1, right). Dust layers in the ice, particularly the one ⇡ 100 m below the detector center,
absorb light. This effect and the limited muon range lead to a depth-dependent atmospheric muon
induced rate between ⇡ 3 Hz and ⇡ 30 Hz. While the fraction of such hits in each DOM is small
compared to its dark rate, the effect on the summed hits as well as on the significance x to observe
a rate excess in all optical modules is much more apparent [4]. The reason is that muons lead to
space and time correlated hits such that the optical sensor rates are not statistically independent and
6
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Figure 1: Simulated muon induced hit rates as function of horizontal position and radius w.r.t. to the
detector center at 1950 m depth. Left: all hits associated with muons triggering the detector. Right: hits
associated with muons not meeting any trigger condition.
Figure 2: Correlation of the atmospheric muon induced hit rate with the significance x (green). The ap-
plication of the decorrelation discussed in the text leads to the gray distribution. The projections on the
right hand side demonstrate the sharpening of the significance distribution after decorrelation. During this
particular run, the highest significant candidate so far was observed (marked by a green square). After
decorrelation, the significance dropped (marked by a gray square) verifying that the candidate was due to an
upward fluctuation in the number of atmospheric muon hits.
the law of large numbers is no longer applicable. In fact, the vast majority of false positive triggers
are due to statistical agglomerations of atmospheric muon induced hits.
In case of an alert, the only independent quantity to check whether the event was real or spu-
rious is the cosmic ray induced muon activity during the respective period. We demonstrated in
an offline analysis [4] that the separation of signal from background can be considerably improved
by subtracting hits associated to atmospheric muon induced tracks. The subtraction method fits
7
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a linear function to the correlation between the simple majority trigger hit rate Rhitµ as a mea-
sure for the atmospheric muon rate and the significance x (see Fig. 2 for an example 8 hour
run) and calculates a corrected significance x 0 = x   b · Rhitµ   a from the resulting offset a and
slope b. This method lowers the significance of the sample alert from x = 8.59 to x 0 = 2.44
and decreases the width of the significance distribution from 1.46 to 1.03, close to the expec-
tation of unity for uncorrelated noise. Until recently, such a study could only be performed
offline with a few days delay due to limited satellite time availability and bandwidth. In or-
der to perform an atmospheric muon correction in real time, the number of hits processed by
IceCube’s majority trigger is transmitted to the supernova data acquisition system. To guaran-
tee a robust system and to limit the increase in processing time, the data are only processed
once a predefined significance threshold xcut is crossed. The method reduces the number of
Figure 3: Cumulative probabilities to detect an event
with significance x (red) and to detect the corrected
significance x 0 after additional cuts on x (Cuts shown
are x > 4.0 and x > 5.0 in green and blue.)
fake alarms by almost three orders of magni-
tude when keeping the same alarm threshold
as before. The additional memory and CPU
requirements do not affect the stability of the
system so that one may now lower the alarm
thresholds. By applying a cut on x > 4.0 be-
fore atmospheric muon subtraction one does
already achieve a factor of 10 2 in back-
ground reduction compared to the original
threshold of x > 7.65 (see Fig. 3) which fur-
ther improves to about 10 7 by switching
to the combination x > 4.0, x 0 > 5.6. Us-
ing this combination we are also able to in-
crease the SNEWS alarm efficiency for po-
tential supernovae in the Large Magellanic Cloud from merely 12% to 82%, while meeting the
SNEWS requirement to sent alarms with a frequency of less than one alarm per 10 days.
3. Long term behavior of DOM dark rates
Over the course of the first three years of the completed detector (IC86-2011, IC86-2012,
IC86-2013), the number of false positive supernova alerts increased by almost 50% with time. This
came as a surprise as we did not expect the sensitivity to cosmic ray induced muons to increase
while the detector configuration remained unchanged. As can be seen from Fig. 4, the average
dark noise rate of the optical modules decreased with time, on average, by 3.5%. This decrease
led to an increased sensitivity to atmospheric muons of ⇡ 2% and - as discussed above - to a
disproportional increase in the false positive trigger rate. The decrease in the dark noise rate is
correlated with the deployment date and the depth of the DOMs. It is particularly evident in the
lower, warmer section of the detector, where the pressure is highest and the ice is under mechanical
stress. While no definite source could be established, we suspect that the emission of light is caused
by triboluminescence caused by the freezing of the ice in the bore holes.
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Figure 4: Temporal development of the mean SN scaler rate and standard deviation in 500 ms time bins
after applying an artificial dead time of 250 µs. Both, seasonal varying influence of atmospheric muons and
an overall decrease in the dark rate, are apparent in the mean rate (blue curve), while the standard deviation is
rather insensitive to the influence of muons (orange curve). The rate spikes are detector related; in particular,
the dark rate increased after light was emitted during the operation of a camera in the deep ice in early 2012.
4. Exploiting detailed information from spooling all hits
when taking into account the larger uncertainty on the moving average noise determination
when using the 90 s long hitspooling data fragment rather than the 10 min available in the scaler
based data acquisition system. The detailed information available in the hitspooling data can be
exploited for several purposes, some of which we will discuss below:
• basic studies of the non-Poissonian characteristics of dark noise at low temperatures,
• characterization of the dark noise for individual sensors to improve IceCube’s Monte Carlo
simulations,
• application of sophisticated techniques to identify noise hits or hits associated with atmo-
spheric muons that do not trigger the IceCube majority trigger,
• determination of coincidence probabilities for the estimation of the average supernova neu-
trino energy [5], and
• triangulation of the supernova direction in the case that signals change abruptly.
Non-Poissonian noise characteristics: Hitspooling data were used to investigate the characteristics
of correlated dark noise that rises at low temperatures and compare in-ice measurements with those
taken in the laboratory. Figure 5 shows the IceCube dark rate as function of depth-dependent
temperature at the PMT photo cathodes. Each data point represents the average of 12 optical
module layers with DeepCore excluded; ref. [6] was used to translate the known depth into an
ice temperature. Correlated noise, suspected to be due to glass fluorescence, comes in bursts,
while uncorrelated noise follows a Poissonian distribution. By defining a burst as an uninterrupted
sequence of < 3 ms intervals, the number of hits L present in the burst, the frequency of burst
FL with a given number of hits, the time between the last and the first hit in a burst DL, and the
inter-burst interval distribution were measured and compared to previous results by Meyer [7]. The
average number of hits per burst rises roughly linearly from 3.3 hits at -10  C to 3.8 hits at -33  C.
Figures 6, left and right, show the corresponding distributions which are in general in agreement
with the findings of [7]. For instance, the average burst duration DL follows Meyer’s anticipation
9
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of a power law proportional to L1/2 with the difference that we identify two separate regions for
best fits.
Figure 5: Non-Poissonian correlated and Pois-
sonian uncorrelated components of IceCube’s
dark rate as function of the estimated tempera-
ture close to the PMT cathode.
Improved muon identification and rejection: Sim-
ulation data show that ⇠ 50% of all atmospheric
muons crossing the detector are triggered. The re-
maining half leads to a factor of three fewer hits
mostly at the top of the detector (see Fig.1, right);
26 % of all subthreshold muons produce only a
single hit in the detector. Removing these sub-
threshold muons hits may be achieved by restrict-
ing oneself to hits in the lower part of the detector
or by using algorithms developed to identify hits
clustering in time and space combined with an in-
vestigation of the multiplicity of track segments
formed by each pair of hits in the cluster. With
the second method, it is possible to identify up
to 45 % of all sub-threshold muons hits, limited
only by the requirement of at least 4 hits to define
a cluster in the algorithms.
Applying these techniques to experimental data results in a ⇠ 3% decrease of the total hit rate and
reduces the fraction of false positive SNEWS alarms by an additional 45%. In the future, we will
use this improvement in the determination of the average neutrino energy.
Triangulation of supernova direction: IceCube cannot identify individual neutrino interactions as
usually only one photon is detected per interaction. In addition, the direction of the positron is
essentially uncorrelated with the incoming neutrino direction for the dominant inverse beta decay
interaction. Therefore it is a challenge to measure the supernova direction with IceCube. Trian-
gulation with other detectors has been proposed [8, 9] as one possibility. Another option is to
determine the direction from the temporal hit pattern seen in the cubic-kilometer detector when
a neutrino wavefront changing its intensity abruptly. The detector crossing lasts only several mi-
Figure 6: Burst rate FL (left) and average burst duration DL (right) as function of burst size L.
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croseconds, which sets the time-scale for abrupt flux change to be suitable.
One example is the formation of a black hole following a core collapse of a super-massive
star. In case the protoneutron star forms a black hole instead of gradually cooling as a stable
neutron star, the neutrino flux should cease almost immediately, once the Schwarzschild condition
is met [10]. The neutrino fluxes may also gradually decrease as more and more matter in the
star approaches the event horizon and the gravitational redshift becomes extremely strong [11]
(see green curve in Fig. 7). In addition, the neutrinos follow a spectrum of energies, which - due
to the non-vanishing neutrino masses - leads to a smearing of the time arrival distribution (see
Fig. 7). Black holes forming core collapse supernovae have therefore been suggested as a way
Figure 7: Effect of neutrino mass on the observed neu-
trino flux for abrupt black hole creation. The green line
shows the effect of a gradual decrease of the neutrino lu-
minosity (mn = 0.01 eV).
to determine the neutrino mass [10]. We
first adopt the optimistic scenario that the
smearing due to the black hole dynam-
ics is negligible [12]. An unbinned like-
lihood analysis with an optimized min-
imizer is used to determine the direc-
tion from the timing pattern of the hit
DOMs. Figure 8 shows the simulated
resolution achieved as function of dis-
tance (left) and as function of neutrino
masses (right). Obviously, reasonable di-
rectional resolution can be achieved only
for close-by supernovae and low neu-
trino masses.
Using the assumption of a grad-
ual decrease of neutrino luminosity [11]
and numerically folding the distribution
of [10] for the time-delay due to finite
neutrino masses, one finds that directions can only be reconstructed for very close supernovae.
11
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Figure 8: Left: Resolution in galactic longitude achievable by triangulation within IceCube’s geometry for
a supernova with abrupt black hole formation for two assumptions on the mass of the lightest neutrino as
well as for a hypothetical detector extension with 3 additional strings deployed symmetrically around the
IceCube’s center at 7 and 70 km distance. Right: Resolution in galactic longitude as function of neutrino
mass.
5. Conclusions and Outlook
The IceCube observatory provides the world’s best statistical accuracy for the neutrino flux
of supernovae in our galaxy with a round-the-clock up-time of close to 99%. However, energies
and directions of individual neutrinos can not be determined due to the optical sensor dark rates
and - to a lesser extend - due to atmospheric muons passing the detector. Therefore it is very
important to understand the dark rate and atmospheric muon characteristics. Neutrino energies and
the supernova direction can be determined statistically when analyzing the timing information of all
hits in the detector. In the future, the sensitivity to the absolute neutrino mass will be assessed, the
energy determination will be improved, the idea of analyzing O(10)s long bursts will be extended
to shorter potential signals, and the hitspooling system will be used for other use cases, such as the
estimate of hadronic energy in highly energetic events from the delayed neutron capture signal.
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The IceCube Neutrino Observatory is a 1km3 Cherenkov detector located at the geographic South
Pole. It records several tens of thousands high-energy atmospheric muon neutrino events per year,
with energies between about one hundred GeV and several tens of TeV. This allows a precise
measurement of the energy and angular distributions and a search for deviations from the standard
expectation that could be due to new physics.
If additional sterile neutrino states exist with mass differences on the order of 1 eV and mix with
muon neutrinos, IceCube would observe a deficit compared to the expected neutrino rate in the
energy range of a few TeV due to strong matter effects in the neutrino propagation through Earth.
The disappearance depends on the energy and the path of the neutrino through the Earth and thus
its zenith angle.
Here, we report on the first exploratory effort to make use of this resonance effect to substantially
improve the sensitivity with respect to searches that are based on vacuum oscillations. This paper
describes results that are based on a large muon neutrino sample measured by IceCube between
2009 and 2010 in its 59-string configuration.
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1. Introduction
After many decades of research, neutrino flavor oscillations are still an active area of exper-
imental measurements for particle and astroparticle physics. Despite the elusive nature of neutri-
nos, most parameters that govern the oscillations between the three known neutrino flavors are well
known today [1].
Several experimental anomalies, most prominently the νµ → νe measurements of the two
neutrino beam experiments LSND [2] and MiniBooNE [3], indicate that there could be effects that
can not be explained well with the current model of three active neutrinos. One way to explain
these measurements is to modify the model by addition of new flavors of neutrinos with a typical
mass difference of ∆m242 ≈ 1 eV2. To prevent contradictions to various older measurements such
as the well-known limit on the number of light neutrinos from Z0 branching ratio measurements
at the LEP [4], these new flavors can not participate in weak interactions and are therefore called
sterile [5]. As sterile neutrinos can mix with the active neutrinos, their existence can be tested by
the search for disappearance of active neutrinos.
2. The IceCube Neutrino Observatory
The IceCube Neutrino Observatory is a neutrino detector located at the Amundsen-Scott South
Pole Station. It uses the naturally clear ice of Antarctica as optical medium to observe Cherenkov
radiation emitted by charged leptons that have been created by neutrino interactions in the ice. Its
active volume of about one cubic kilometer lies at a depth of about 1.5 to 2.5km beneath the surface
of the ice and is instrumented with 5160 digital optical modules (DOMs) distributed over 86 vertical
cables called strings. IceCube was completed in December 2010, but it has already been taking
data in the years before with the partially completed detector. The analysis presented here was
conducted on data taken with the 59-string configuration between May 2009 and May 2010, called
IC-59. This data set consists of approximately 22 000 up-going track-like events from charged-
current muon neutrino interactions that have good reconstruction quality and energies between
about 100 GeV and 50 TeV. For details about the event selection, see [6]. A second independent
IceCube analysis of comparable sensitivity is close to completion, using the first year of data taken
with the final 86-string configuration, and will be reported soon.
3. Sterile Neutrino Signatures in IceCube
This analysis is searching for the resonant disappearance of atmospheric muon neutrinos
caused by matter-enhanced oscillations during propagation through Earth [7]. For illustrative pur-
poses, the oscillation probability of muon neutrinos to an additional sterile neutrino flavor can be
approximated by a two-flavor formalism in the relevant parameter range. The vacuum oscillation











where θ24 is the mixing angle between muon neutrinos and sterile neutrinos and ∆m242 the difference
between their squared masses. Eν is the neutrino energy and L the baseline, i.e., the distance
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Figure 1: Path of a muon neutrino cre-
ated in the atmosphere (blue) through
Earth, shaded according to density.
Figure 2: Oscillation probabilities for the neutrino path shown
in fig. 1 as a function of its energy in a 3+1 model.
the neutrino traveled after its creation. The baseline can be calculated from the zenith angle θ
under which the muon travels through the detector (fig. 1). For up-going atmospheric neutrinos,
it lies between 500 km for near-horizontal trajectories and 12800 km, which is the Earth diameter
including the atmosphere, for vertical trajectories.
An important difference when compared to conventional atmospheric neutrino analyses is that
matter effects inside the Earth are strong. The three conventional flavors can scatter on nucleons
and electrons by neutral-current (NC) interactions, and electron neutrinos can additionally scatter
elastically on electrons by charged-current (CC) interactions. Sterile neutrinos can not interact
weakly by construction. This induces effective mass differences between the flavors that depend
on the electron and neutron particle densities. For more detail, see [8]. These induced effective
mass differences can cause strong resonances at which the disappearance becomes much stronger
than the mixing angle would allow in vacuum. An example is shown in fig. 2. For a new mass
state of larger mass than the three known states (0 < ∆m232 < ∆m242) and without CP violation, the
resonance enhances the oscillations in the antineutrino channel and suppresses them for neutrinos.
Above 100 GeV, the flux of muon neutrinos is larger than that of muon antineutrinos. For this
reason, the case described above is the most pessimistic for IceCube and was therefore selected as
basis for this initial analysis. It is important to note that the oscillation appears according to the
effective mixing as a resonance-like effect, even for small values of vacuum mixing. Therefore, the
measurement of atmospheric neutrinos in the relevant energy range has a high sensitivity also to
small mixing angles, where vacuum oscillations are small.
The analysis itself does not employ two-flavor approximations, but instead uses full four-
flavor propagation based on numeric calculations with the tool nuCraft [9]. The rotation matrix
with θ24 has been multiplied to the left side of the 4× 4 PMNS matrix. All other sterile mixing
angles have been set to zero; θ14 controls the mixing between electron and sterile neutrinos and
is negligible for the atmospheric muon neutrino disappearance as seen by IceCube. For non-zero
θ24, the tau-sterile angle θ34 influences oscillation amplitude and shape roughly similar to θ24
[10]. It also results in a substantial fraction of the muon neutrinos oscillating to tau neutrinos
instead of sterile neutrinos. However, most tau neutrinos cause cascade-like signatures and the
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Figure 3: Probability for atmospheric muon neutrinos (left) and muon antineutrinos (right) for the particle
to reach the detector in the same state, with one sterile state of neutrinos, parameters as specified in the plot.
remaining 15% produce only faint muon tracks, so they are strongly suppressed by this event
selection, which favors track-like signatures. For these reasons, θ34 6= 0 leads to signatures that are
sufficiently similar to (and stronger than) those with θ34 = 0 to warrant this parameter to be omitted
for now. Also, models with more than one sterile flavor have not been included into this analysis
to keep it computationally feasible. The signatures of models with multiple sterile flavors can be
approximated well by superpositions of 3+1 signatures and are therefore much more similar to 3+1
models than to 3+0 models, so they would still be observable by this 3+1 analysis [10].
An example for an atmospheric muon neutrino disappearance signature investigated by this
analysis is shown in fig. 3. The parameters of the sterile neutrino have been chosen to be ∆m242 =
0.5 eV2, θ24 = 11◦, because these values have not yet been excluded by other experiments, but
are large enough to serve for illustrative purposes. In the antineutrino channel, a strong, resonant
oscillation minimum can be seen at about 4 TeV for the particles that traversed the inner core of
the Earth. The signature shifts to higher (lower) neutrino energies for larger (smaller) ∆m242, and it
becomes stronger and shifts closer to the horizon for larger θ24.
4. Analysis Method
The aim of the analysis is to determine or to constrain θ24 and ∆m242. This is accomplished by
a forward-folding method where the measured muon neutrino rate as a function of reconstructed
energy and direction is compared with expectations from simulation. We use a two-dimensional












Here, L denotes the likelihood, which is a standard Poissonian likelihood function of the event
numbers in all bins, and sup indicates the maximized likelihood. The results were compared and
verified with a likelihood formulation that also takes into account statistical uncertainties of the
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simulated reference histograms [13]. ξ denotes an ensemble of nuisance parameters that are op-
timized independently at each point in the physics parameter space for best agreement with the
experimental data [14].
For energies that are relevant for this analysis, the zenith angle θ can be measured with good
accuracy, to better than one degree. The neutrino energy Eν can be estimated by measuring the
energy loss of its induced muon. The energy resolution is limited as the muon does not inherit
the full energy of the neutrino, and the interaction might have happened far outside the detector
such that the muon already lost a significant part of its energy. However, as this analysis employs
forward folding, it does not rely on the individual values of the reconstructed neutrinos as long
as the reconstruction algorithm behaves identical for the ensembles of experimental and simulated
data. The data set is binned in two dimensions, with 25 bins in cos(θ) and 13 bins in log10(Eµ).
The effects of systematic uncertainties on the expectation values of event rates in each zenith-
energy bin have been parametrized and included into the likelihood function as continuous parame-
trizations of the corresponding nuisance parameters ξ . In contrast to the two physics parameters θ24
and ∆m242, the fit results for nuisance parameters can not be considered to be measurements of the
physical quantities as they are free parameters in the numerator and denominator of the likelihood
ratio for every point of the likelihood scan. Furthermore, they can be highly degenerate in their
effect on the description of the data. Their purpose is to account for all systematic uncertainties to
avoid a bias in the measurement of the physics parameters.
The likelihood maximization is performed by a scan in the parameter range of ∆m242 = 10−2.0
. . .100.7 eV2 and θ24 = 0 . . .42.5◦, and the differences between two times the logarithmic likelihood
(LLH) values Λ from (4.1) for a given pair of parameters and the point of best fit are then used
as a test statistic. According to Wilks’ theorem, this follows a χ2 distribution with two degrees
of freedom if the minimum of the LLH landscape can clearly be associated to a specific pair of
parameters [15]. However, this precondition of Wilks’ theorem is not strictly fulfilled for the null
hypothesis, i.e., for the case that there are no sterile neutrinos mixing with muon neutrinos, and we
have determined the small deviations from the predicted χ2 distribution by ensemble tests. For the
construction of confidence regions we use the more conservative test statistics from these ensemble
tests.
5. Systematic Uncertainties
For this challenging measurement that relies on the agreement between simulated and mea-
sured distribution of energy and zenith, a correct handling of systematic uncertainties is crucial.
Because of the large possible parameter space of sterile neutrinos, it is not possible to define an
off-region that is known to be free of possible signal influence and could be used for the deter-
mination of nuisance parameters. At this point, most, but not yet all, relevant uncertainties are
included, so the results are still preliminary. The nuisance parameters that are included are the total
rate normalization, the cosmic-ray spectral index that affects the slope of the energy distribution,
the kaon-pion ratio in cosmic-ray interactions that affects the angular distribution, the antineutrino-
neutrino ratio that affects angular distribution and strength of the oscillation effect, and the relative
optical efficiency of the light detection that affects the energy scale. All of them are implemented
with a weak Gaussian prior, larger than or equal to the estimated uncertainty, to be particularly con-
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Figure 4: Distributions of reconstructed energy and reconstructed zenith angle, each marginalized over the
other variable, respectively; the error band indicates the statistical uncertainty on the Monte-Carlo prediction.
Shown are measured experimental data, as well as Monte-Carlo predictions for the null hypothesis and for
our benchmark signal model from the previous figures. Note that for demonstration purposes the nuisance
parameters have not been fitted for the benchmark model.
uncertainty default value prior
total rate normalization 1.00 0.40
cosmic-ray spectral index 2.65 0.05
cosmic-ray kaon-pion ratio 1.00 0.10
antineutrino-neutrino ratio 0.440 0.022
relative optical efficiency 1.00 —
Table 1: Nuisance parameters and their priors
servative in this first analysis and only to improve the numerical convergence of the fit; see table
1. The atmospheric neutrino flux is based on a parametrization of the model by [16], extending it
to higher energy. This flux is modified by changes of the above nuisance parameters. In addition,
small changes in the zenith distribution related to atmospheric temperature variations have been
estimated based on satellite data and corrected for. Currently not included is a variation of the ice
model parameters that describe the propagation of photons. This propagation is modeled according
to [17] and a comparison with [18] is underway. Uncertainties on the Earth’s matter density and
neutrino interaction cross-sections are negligible compared to other uncertainties and have not been
included.
6. Results
Figure 4 shows the distribution of experimental data as marginalizations of the reconstructed
zenith angle and energy distributions in comparison with the simulation of the null hypothesis
with fitted nuisance parameters. The experimental result is well described with the simulation,
excluding a strong disappearance signal. For comparison, the figure also includes predictions for
the benchmark model described in section 3, with the same nuisance parameter values as fitted for
the null hypothesis. The signature of this model is clearly distinguishable from the null hypothesis.
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Figure 5: Expected region of 90% C.L. exclusion sensitivity of this analysis for the null hypothesis in
comparison to the exclusion by other experiments [5][12]. For the Super-K contour, θ14 = 0 was assumed.
The contours are indicating the median (dotted curve), the 68% (darker blue) and 90% (lighter blue) ranges
for the 90% C.L. exclusions from an ensemble of 2000 pseudo-experiments. Not all systematic uncertainties
have been fully included yet.
When the nuisance parameters get fitted, the distributions become more similar, but the tension of
the nuisance parameters with their expected values allows us to retain much of our sensitivity.
As discussed in section 3, this analysis is, unlike those of other experiments, primarily sen-
sitive to the matter resonance effect. As a result, we expect fluctuations in the sensitivity for the
vacuum oscillation parameters. In order to quantify these fluctuations we have analyzed a series of
pseudo-experiments based on the simulated null hypothesis. Figure 5 shows this expected range of
exclusions. In a ∆m242 range between 0.1 and 1 eV2, the analysis can significantly extend existing
limits to values of sin2(2θ24) = 0.1 or even below. Experimental results will be reported soon.
7. Conclusion and Outlook
With the large statistics of well-reconstructed tracks induced from atmospheric muon neutri-
nos that IceCube measures each year, it is possible to search for disappearance effects caused by
sterile neutrinos that mix with muon neutrinos. The energy- and zenith-dependent signature of
these neutrino oscillations gets strongly enhanced by matter effects inside the Earth and increases
IceCube’s sensitivity in the mass-splitting range of about ∆m242 = 0.01 . . .1.0 eV
2.
Here, the sensitivity of a first IceCube analysis are presented with data from IceCube in its 59-
string configuration. The expected exclusion limits significantly constrain the allowed parameter
space for sterile neutrinos and substantially improve previous limits. In the near future, an anal-
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ysis based on IceCube data taken over multiple years with a selection optimized for the relevant
energy range could further improve these limits significantly. The high sensitivity of this analysis
demonstrates the good performance of IceCube and its capability to address fundamental questions
of particle physics.
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